INTRODUCTION
Adenovirus serotype 5 (Ad5) is widely and frequently used as an effective vector in cancer gene therapy and oncolytic virotherapy. 1 --3 Adenovirus-mediated transgene transduction is a highly efficient method for induction of ectopic transgene expression in tumor cells. 1, 2 The p53 tumor suppressor gene, which is a potential therapeutic transgene that may induce a very strong antitumor effect, has been transduced into tumor cells using a replication-deficient adenovirus vector (Ad-p53, Advexin, Intorgen Therapeutics, Inc., Austin, TX, USA), and Ad-p53 has been reported to induce an antitumor effect in clinical studies. 4 --7 Recently, an Ad5-based replication-competent oncolytic adenovirus has been developed as a promising anticancer reagent for induction of tumor-specific cell lysis. 8, 9 Ad5-based vectors infect human target cells through binding with the coxsackie and adenovirus receptor (CAR). 10 Thus, the infection efficiency of Ad5-based vectors mainly depends on the CAR expression level in tumor tissues. 11 --17 Increased CAR expression has been frequently shown in tumor cells in various organs such as the brain, 18 thyroid, 19 esophagus, 20 gastrointestinal tract, 21 prostate, 14 bone and soft tissues. 22 --24 However, tumor cells often show reduced CAR expression following tumor progression. 18, 21, 25, 26 Decreased CAR expression has also been shown in tumor tissues after repeated injection of Ad-p53. 27, 28 It is therefore necessary to assess the CAR expression level of target tumor tissues before and after Ad5-based cancer gene therapy and oncolytic virotherapy.
There are some conventional methods for evaluation of the CAR expression level in tumor tissues, such as flow cytometry, immunohistochemistry, western blotting and reverse transcription (RT)-PCR. Flow cytometry is mainly used to detect CAR-positive human tumor cell lines. 13, 24, 28, 29 Immunohistochemistry is frequently used to assess CAR expression in various human tumor tissues. 11, 14, 20, 23, 25 Western blotting is usually performed to confirm the expression of many types of proteins including CAR in molecular biological experiments. Quantitative RT-PCR is also a useful method for evaluation of the mRNA expression of CAR. 18, 22 Although these conventional methods can detect CAR expression in tumor tissues, it still remains unclear whether Ad5-based vectors really infect target tumor cells through binding with the CAR that is detected using conventional methods. Therefore, the development of a novel method for assessment of the level of expression of functional CAR in tumor tissues, which is what the Ad5-based vectors really bind, is required for Ad5-based anticancer therapy.
We previously developed a telomerase-specific replicationcompetent adenovirus OBP-301 (Telomelysin, Oncolys BioPharma, Inc., Tokyo, Japan) that drives the E1A and E1B genes under the human telomerase reverse transcriptase (hTERT) promoter. 8,29 --31 OBP-301 infects both normal and tumor cells that express CAR, but replicates only in CAR-positive tumor cells in a telomerasedependent manner. Furthermore, we recently generated a green fluorescent protein (GFP)-expressing telomerase-specific replication-competent adenovirus OBP-401, which induces ectopic GFP expression in tumor cells, but not in normal cells. 32 OBP-401 infection efficiently induces GFP expression in metastatic tumor cells at regional lymph nodes 32 and liver, 33 circulating tumor cells in blood flow 34 and disseminated tumor cells in the abdominal cavity. 35 These results suggest that OBP-401 is a highly sensitive tool for the detection of tumor cells. Furthermore, Ad5-based OBP-401 would also be useful for induction of GFP expression in CARpositive tumor cells, but not in CAR-negative tumor cells.
In the present study, we evaluated whether induction of GFP expression by OBP-401 infection is associated with CAR expression in tumor cells. OBP-401-mediated GFP induction was further examined in xenograft tumor tissues that have different levels of CAR expression and in surrounding normal tissues.
RESULTS AND DISCUSSION
Assessment of an OBP-401 infection protocol for the detection of CAR-positive tumor cells We recently demonstrated that the level of CAR expression that was detected using flow cytometry was significantly associated with OBP-301-mediated cytopathic activity in human bone and soft tissue sarcoma cells. 29 Furthermore, OBP-401 infection has been shown to induce GFP expression 24 h after infection of human sarcoma cells. 34 To evaluate whether GFP expression that is induced by OBP-401 infection is associated with CAR expression in tumor cells, we used three human sarcoma cell lines (OST, NMFH-1 and OUMS-27) that have different levels of CAR expression, as previously reported. 29 Flow cytometric analysis confirmed that OST cells showed detectable CAR expression, whereas cells of the NMFH-1 and OUMS-27 sarcoma cell lines had no detectable CAR expression (Figure 1a) .
To determine suitable conditions for OBP-401 infection in order to detect CAR-positive tumor cells, OST sarcoma cells were infected with OBP-401 at multiplicity of infections (MOIs) of 1, 10 and 100 plaque-forming units (PFU) per cell over 24 h (Figure 1b and c). Twelve hours after infection, only OBP-401 infection at an MOI of 100 had induced GFP expression in all of the OST cells. Twenty-four hours after infection, OBP-401 infection at MOIs of 10 and 100 had induced ectopic GFP expression in all of the OST cells, whereas OBP-401 infection at an MOI of 1 had induced GFP expression in about 80% of the OST cells. These results indicate that OBP-401 infection at an MOI of greater than 10 is necessary to efficiently detect CAR-positive tumor cells 24 h after infection.
To subsequently determine a suitable condition for OBP-401 infection that would exclude CAR-negative tumor cells, the NMFH-1 and OUMS-27 sarcoma cells that do not express CAR were infected with OBP-401 at MOIs of 10 and 100 for 60 h (Figures 1d  and e) . NMFH-1 cells expressed GFP at 24 and 48 h after OBP-401 infection at MOIs of 100 and 10, respectively. In contrast, OUMS-27 cells exhibited no GFP expression after OBP-401 infection. To investigate the different GFP expression between these CARnegative tumor cells, expression of integrins, avb3 and avb5, was further examined by flow cytometry. NMFH-1 cells showed twofold higher expression of integrin avb3 compared with OUMS-27 cells, whereas avb5 expression was similar in these cells (Supplementary Figure S1a Figure  S3a) . In contrast, only OST cells displayed a positive CAR signal using immunocytochemistry, whereas the CAR signal of the other three CAR-positive tumor cells was almost as weak as that from CAR-negative tumor cells (Supplementary Figure S3b) . CAR expression was also not detected in CAR-positive NHLF cells by either western blot analysis or by immunocytochemistry. These results suggest that the GFP induction protocol using OBP-401 is more sensitive for the detection of CAR-positive tumor cells than conventional methods.
OBP-401-mediated GFP induction was detected in MNNG/HOS sarcoma cells that expressed a low level of CAR (Figure 2c ), although neither western blot analysis nor immunocytochemistry detected CAR in these cells (Supplementary Figure S3) . Furthermore, although conventional methods may be able to detect high CAR expression in tumor cells, whether the CAR expression that is detected by conventional methods is really functional for binding with Ad5-based vectors still remains unclear. In contrast, as OBP-401 is an Ad5-based vector that expresses a fluorescent GFP gene, OBP-401-induced GFP expression directly proves that the CAR that is expressed is functional for Ad5-based vector binding. Thus, the OBP-401-mediated GFP induction strategy is a potential diagnostic method that can efficiently and directly assess functional CAR expression in tumor cells. OBP-401-mediated GFP induction in xenograft tumor and normal tissues with different CAR expression Finally, to investigate the potential of the OBP-401-mediated method for the detection of CAR expression in tumor and normal tissues, we used this method to analyze CAR expression of human xenograft tumor tissues, that do or do not express CAR, as well as of surrounding normal muscle tissues, which have been previously shown to lose CAR expression. 36 CAR-positive OST sarcoma cells or CAR-negative OUMS-27 sarcoma cells were inoculated into nude Detection of biomarker for adenovirus therapy T Sasaki et al mice to develop xenograft tumors. After resection of the OST tumors, the OUMS-27 tumors and normal muscle tissue, the tissues were subjected to the protocol for OBP-401-mediated GFP induction using a three-step procedure ( Figure 3a ) as follows; step 1: OBP-401 infection for 24 h, step 2: washing with PBS and step 3: observation under a fluorescence microscope. As shown in Figure 3b , OBP-401 infection-induced GFP expression in CARpositive OST tumor tissues, but not in CAR-negative OUMS-27 tumor tissues or in normal muscle tissue. These results suggest that OBP-401-mediated GFP induction is a simple and useful method for the detection of CAR expression by tumor tissues.
Flow cytometry is a highly sensitive conventional method for the detection of cell surface CAR expression, which is associated with the therapeutic efficacy of Ad5-based vectors in tumor cells. 13, 24, 28, 29 However, as many tumor cells tightly bind to each other or to normal stromal cells within tumor tissues, the preparation of single tumor cells is not easy, and therefore flow cytometry is an inadequate method for the detection of CAR expression in tumor tissues. In contrast, the preparation of single tumor cells is not necessary for the OBP-401-mediated GFP induction protocol. Furthermore, assay of OBP-401-induced GFP expression was more sensitive than flow cytometry (Figure 2d ) in distinguishing CAR-positive normal cells from CAR-positive tumor cells (Figure 2c) . Thus, the OBP-401-mediated GFP induction method is a simple and tumor-specific system for the detection of CAR expression in tumor tissues.
Fluorescent proteins including GFP have great potentials to visualize tumor cells in real time on the in vivo setting. The level of CAR expression on three human sarcoma cell lines (OST, NMFH-1 and OUMS-27) was analyzed using flow cytometry. The cells were incubated with a monoclonal anti-CAR (RmcB) antibody and the signal was detected using a fluorescent isothiocyanate (FITC)-labeled secondary antibody. The mean fluorescence intensity (MFI), which is a measure of CAR and integrin expression, was calculated for each cell and is shown at the top right of each graph. (b) Time-lapse images of OST cells, which displayed the highest CAR expression, were recorded for 24 h after OBP-401 infection at MOIs of 1 and 10 PFU per cell. Representative images taken at the indicated time points and MOIs show cell morphology that was analyzed using phase-contrast microscopy (top panels) and GFP expression that was analyzed using fluorescence microscopy (bottom panels). Representative images taken at the indicated time points and MOIs show cell morphology that was analyzed using phase-contrast microscopy (top panels) and GFP expression that was analyzed using fluorescence microscopy (bottom panels). Original magnification: Â 80. (e) The percentage of OUMS-27 and NMFH-1 GFP-positive cells was counted at the indicated time points after OBP-301 infection at MOIs of 10 and 100 PFU per cell.
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We previously reported that OBP-401 can efficiently induce GFP expression in small populations of metastatic tumor cells at various regions in vivo. 32 --35 In this study, we further demonstrated that OBP-401-mediated GFP expression provides us the important information for detection of CAR-positive tumor cells. OBP-401 with hTERT gene promoter-induced GFP expression in CARpositive tumor cells with telomerase activity, but not CAR-positive normal cells without telomerase activity (Figure 2c ). There was significant relationship between the CAR expression and the GFP expression in tumor cells (Figure 2d ). Among the four CAR-positive tumor cells, U2OS cells showed low GFP expression compared with high CAR expression (Figure 1a and 2c) . As we recently reported that U2OS cells showed low hTERT mRNA expression, the low activity of hTERT gene promoter in tumor cells would affect OBP-401-mediated GFP expression. However, as various types of human cancer cells frequently show high telomerase activities, 39 OBP-401-mediated GFP induction system would be widely useful method to evaluate CAR expression in tumor cells.
Previous reports have suggested that ex vivo infection of human cancer specimens with a GFP-expressing replication-deficient adenovirus 40 or a replication-selective oncolytic adenovirus 41 is a useful method for assessment of the transduction efficacy or cytopathic activity, respectively, of Ad5-based vectors in individual tumor tissues. In this study, we confirmed that the GFP-expressing telomerase-specific oncolytic adenovirus OBP-401 is useful for detection of CAR-positive tumor tissues through induction of GFP expression (Figure 3b) . Interestingly, OBP-401-infected OST tumor tissues showed heterogenous GFP expression (Figure 3b ), although GFP expression was induced in all OBP-401-infected OST cells in vitro (Figure 2b ). Our finding of heterogenous GFP expression in tumor tissues, which indicates heterogenous CAR expression, is consistent with a previously reported heterogeneity in CAR expression. 42 As several factors such as hypoxia 43 and cell cycle status 44 have been suggested to affect CAR expression in tumor cells, factors in the tumor microenvironment may be involved in the heterogenous CAR expression in tumor cells. The cells were incubated with a monoclonal anti-CAR (RmcB) antibody, followed by a FITC-labeled secondary antibody, and were analyzed using flow cytometry. (e) Relationship between the level of GFP fluorescence and CAR expression in all tumor and normal cells after OBP-401 infection. The slope represents the inverse correlation between these two factors. Statistical significance was determined as Po0.05, after analysis of Pearson's correlation coefficient.
Furthermore, as OBP-401 induces tumor-specific GFP expression, normal stromal or epithelial cells may be involved in heterogenous GFP expression in tumor tissues.
In conclusion, we have demonstrated that the GFP-expressing telomerase-specific replication-competent adenovirus OBP-401 is a promising fluorescence imaging tool for the detection of functional and tumor-specific CAR expression in tumor tissues. OBP-401-mediated GFP induction is a simple and highly sensitive method for analysis of tumor cells compared with conventional methods. This novel CAR detection system using OBP-401 has the potential of being widely applicable to assessment of predictive biomarkers for Ad5-based vectormediated anticancer therapy.
MATERIALS AND METHODS

Cell lines
The human osteosarcoma cell line OST was kindly provided by Dr Satoru Kyo (Kanazawa University, Ishikawa, Japan). The human osteosarcoma cell line U2OS and the transformed embryonic kidney cell line 293 were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The human osteosarcoma cell line NOS-10 45 and the human malignant fibrous histiocytoma cell line NMFH-1 46 were kindly provided by Dr Hiroyuki Kawashima (Niigata University, Niigata, Japan). The human osteosarcoma cell line MNNG/HOS was purchased from DS Pharma Biomedical (Osaka, Japan). The chondrosarcoma cell line OUMS-27 was previously established in our laboratory. 47 The normal human lung fibroblast cell line NHLF was obtained from TaKaRa Biomedicals (Kyoto, Japan). These cells were propagated as monolayer cultures in the medium recommended by the manufacturer. All media were supplemented with 10% heat-inactivated fetal bovine serum, 100 units ml À1 penicillin and 100 mg ml À1 streptomycin. The cells were maintained at 37 1C in a humidified atmosphere containing 5% CO 2 .
Recombinant adenoviruses
We previously generated and characterized OBP-401, which is a telomerase-specific replication-competent adenovirus variant, in which the hTERT promoter element drives the expression of E1A and E1B genes that are linked to an internal ribosome entry site, and in which the GFP gene is inserted into the E3 region under a cytomegalovirus promoter. 32, 34 The virus was purified by ultracentrifugation using cesium chloride step gradients. Viral titers were determined by a plaque-forming assay using 293 cells and viruses were stored at À80 1C. 
Fluorescence microplate assay
The cells (5 Â 10 3 cells per well) were seeded on 96-well black bottomed culture plates and were incubated for 20 h before virus infection. The cells were infected with OBP-401 at an MOI of 10 for 24 h. The level of expression of GFP fluorescence was measured using a fluorescent microplate reader (DS Pharma Biomedical; Osaka, Japan) with excitation/ emission at 485 nm/528 nm. The mean expression of GFP fluorescence in each cell was calculated in triplicate experiments, as previously reported. 34 
Animal experiments
Animal experimental protocols were approved by the Ethics Review Committee for Animal Experimentation of Okayama University School of Medicine. OST and OUMS-27 cells (5 Â 10 6 cells per site) were inoculated into the flank of female athymic nude mice aged 6 to 7 weeks (Charles River Laboratories, Wilmington, MA, USA). Palpable tumors developed within 14 to 21 days and were permitted to grow to B5 to 6 mm in diameter. At that stage, tumor and normal muscle tissues were resected. The tumor and normal tissues (2 Â 2 Â 2 mm 3 ) were placed in 96-well plates with culture medium. As single tumor cell is about 10 mm in diameter, we considered that there are 2.4 Â 10 5 cells on the surface area of each sample tissue. Then, we infected each sample tissue with 2.4 Â 10 6 PFU (10 MOI per sample) of OBP-401 for 24 h. After washing with PBS, tumor and normal tissues were again placed in 96-well plates with culture medium and analyzed using an inverted fluorescence microscope (OLYMPUS).
Statistical analysis
Data are expressed as means±s.d. Student's t-test was used to compare differences between groups. Pearson's product-moment correlation coefficients were calculated using PASW statistics software version 18 (SPSS Inc., Chicago, IL, USA). Statistical significance was defined as when the P value was less than 0.05.
ABBREVIATIONS
Ad5, Adenovirus serotype 5; CAR, coxsackie and adenovirus receptor; GFP, green fluorescent protein; RT-PCR, reverse transcription-polymerase chain reaction; hTERT, human telomerase reverse transcriptase; MOI, multiplicity of infection; Tumor sample
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